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1. INTRODUUTION 

The need for increased ,ower cut,ut and improved fuel economy in 
thermal jets hac led to the use of higher prescure ratios and turbine 
iniet temperatures, with consequent multiplicetion of the yreblems of 
fhtteapts te minimize or eliminate these problems by use of puisejete 
enc ramjets have not met with merkec succear for well known ressond. 

Detonative combustion offers an nttrective avlution te tre propiens 
iavulved in producing Bigh pressure ratios and toletcating bigh teu ,er- 
atures. Detonative somoustion may be cousiaered to be « proceen in which 
¢ombustion tekee place witain the high pressure erse cf « comyressicn 
saock; in eonsequence, no aschenlesl comsreesor nor turbine sre required, 
and es will be shown leter, Valves are cleo ummecessnry. 

it is the purpose of tuis paper to denerive a therme] jet omeed 
on intermittent detomative combustion already aevelopeds; to ettemcst an 
enelysize of the process involved; and to repert the resulte of exver- 


iments soncucted by the euthor in commection therewith, 


4.2 Hletorical background. 

Tae phenowenon of detonation wes Giscovared in 1651 by sertaelot 
and Viellle as well es by eilard ond Le Chatelter, who neue austailed 
studies of tee subject. Meny subsequent investigetione were aos by 
Dixon end hie students. The thecoreticas @p;lanstbivs of cetunttion was 
made by Chapmen end Jouguet, Loliowing Becner's unelysie ef the coo~- 
pression shocx, Tae pre-détenetion perim: vaceives yerbieulirr etvention 
from Sokolik and Ohteaholikin, wrile Longreiler ety reseed the céletian 
between detonation pressure aan temperature snc tae pDwemice eo bogie 
erature eticined by commustion ef content volume. Recenis.y, @¢ vebeile 
snalysie has been wade by Sheyvire, dexthorne, ami Paeieen (ivierence 2). 
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H. Hoffmsa, of the Leuteche Forsehungsanstelt Zur Segeifiug 
(Gerwan Gliding Research Stetion) kes been concernec since the syring 
of 1658 wits the problem of sevaloping e thermal jet operating on the 
ptineiple of intermittent detonative cempustion, ama in « report dated 
Noveaber 10, luie described tests of « succeseful device (reference 4%). 


&. Tdk HOFMAN APPAATUS 


2.1 Deseription. 

Figs 12 euows a dlagraametic sxeten of tue intermittent cetonetive 
eombustion apparatus developed by Hoffwan (Fig. #8, referenve 7). 
Seeontvhelly, the apparatus cogsiave of « streignt eylindrical tube 
eleded at one ea sou pruvided with & sperk-plug or obner moons of 
vrovicing ovntinucus ignition at tne other, to waich tz attached a 
conical aiffuser, Fuel end osidiser are admiived turocugh seperate 
limes st the closed end of tne combustion chasbar da puch a manner ax 
to provides good mining anti turbulence. 

The dimensions of the particuler test apperatus to whica reference 
WLii be mate are xs Loliowes 

Lemgeu of SumOUStIGOn GHaembero.seucesscceesvee #000 Oe 

Diemeter of combustion CABMBOET sc esesesooerees 5.8 Gm. 


Lenugtu of SAF EOGCT 5 0 ta 8 £555 64 OC EM s ie ss ee ee £000 Ce 
DALfuser half-angle ef divergenve.ssescevecune 4. deg. 


22 
& 
42 


Opera tron. 

Tae devies described sbove oOp,eratet on an intermittent oyule rs 
follows. The somoustible mixtures Tlows tower the ope em Unbis it 

ta igaitea at the spark~plug. Tne flame front trevele becs toweras the 
closed oni, passing trom ordlnary combustion inte ustenatiou, ane tae 
detonation wave continues ca to tae beffie ot tae cliege@: eno wRere it 
reflection inperts s high Mawulee to tas beffie. Tae sreesuTo vile 
foliowing tne detonetion weve impowes a temporery restriction oa the Tle 
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of fresh fuel and oxidizer, extinguishing the flene. sfter the pressure 
falls freen sixture agein enters tae combustion cheaber enc the cycle 
is repested. 


2.8 Results. 

Using the e,peratue above, Hoffman ran « eerles of tents to deter- 
mine performance (Table 5, reference 2). The best resulte obtatnad 
are taduleted as follows: 


Oxygen flow DRGs 6 066 60 we 60 6 bette te caw owse 15.2 gn./sec. 
GasOline LLOW PABGs cuscrsacceuveesvenesne 2.0 gu. /sec. 
Tetal Siew ot oe CIO PeE Sei TERT Ld gn. /sec. 


Percent thevretical Duel... .ccsesoveossee 108.) % 

ee ee eee eee eee By Boe Bids 
bpeeifia DAABD . an 0 ae oe cb ve weewerw owe dees $yl.U sec, 
Soeecitric Lusal SOMME LOM 260 wee 8a sete 1.67 aan 
Taseretioast apeci fic VATRS bs eee sereesunes 467 wu BEC. 


2.4 Dissuasion. 

Tag foregoing raguits present trree iteme of perticular interest. 
Firsv, atbBenution is invited to the relatively high velue of specific 
turect Obbained. This vaiue ie of the orcer of the specific tarust 
obtuinsble in rockets, but 1t saoula be remembores that in thie cevice 
the combustible mixture is adwitted uncer only such pressure ao is nec- 
edéary to insure tae rate of flow debired, amounting im av Oss8 te more 
than « few  oumds above atmoccheric, whereas in « rocast the eisture must 
be admitted at combustion chamber pressure, exounting vo severe. atmo- 
enmeres of prevsure. 

The second point of interest is the value of specific Pues son-~ 
sumption, Tals is rather high, but follows from the fact tact obygen 
rather taan air is tne ozidizer, nith the consequence tusi tae fess 
aevelereted rar pound of fuel burnee Le reuuced. Although tne detonetion 
veiLocity of air-fuel mixtures is lower taan the: of vunygen-luel Biatures 
(reference §), the net effect of using air instesc of Gaygen, Urcviued 
the mixture cen be caused to detonate, snould serve to improve specific 


fuel consraption, 


5 





| ton Vir wo Wesnteat pn eualew 
a eed wutrarne jereeane al 

Sa eg ee ae ane ne = 
ie UST! ¢* Feo |e oy Vee i etete 4p 284i ee 
eeaares bo coats 

ae ee wi Tiwens Vo sete’ ber of npwet Yb fade, Geese «eT 
See Fan eet woh esol > Awe pepe eeTeD 28 Ae LD ee 
Se ee ee ee ee ee 
lame ye WA? Beem e)  .fece™et af bow) ae) WF fore wr Aownimes 
oe cee Leap be for? pe ered ) eoredet® ipet-—utes Wo Winer 
oe Teeter & ontse ote Gale Lo be) feo ow (eee 





stevens W atthe Clee lade sw eee Ue 2508 





The finel point of interest it a comperisen of specific thrust with 
$aeoretisal speeific thrust bagec on the enthalpy ef comcustion of tae 
fuel used. 1% will be noted that eaperinentel speckfic thrust is egs- 
reclebly higner than the theoretical mexieum! Tais resuit is + consequence 
of the Lact tast tne eppsraetus operates on an interitteat cycle, sc thet 
& mew mase of sir enters the diffusor end is eccelerated onca auring each 
éysle. Since the prosess does not represent e steady~stete conaitivs 
initial acceleretion must be taken into eccount, and calculations bered 
entirely on tne mess of wixtere involves in tae oompustien process wiil 
be misleacing,. 


&. ANALYSIS 


$.1L Introdustica,. 

The anelysis of an internittent dstonative combustion aevice presente 
many difficuities, Foremost exung teeee ie tne preblem of fiow in tae 
aiffusor, During eaen cycle pressure ena veiocity in tne ciffuser build 
Bp to a mexiaun in whien tas preveure is seny times atmoepheric ona the 
Welouwilty menmy times the velesity of sound. After comoustion is com,ieted 
both pressure ema velocity urop repiciy, ema aue to inertia offects tae 
preseure drops celor etace meric, followec py back-flow in tae aiffugor. 
tuen beck-flow represents « less of momentum of which eccount oust be 
taken. 

Anoteor equally isportent proplem is tue cetersinetion of the point 
an tae goumbustion prosess where detonation Mats in, fuck informebtion is 
neeessery in oraer bo determine how mucn of tas charge surrenaere its 
enhsiies. energy ia ordinary combustion ena how auch in vetonative combuetion. 
¥Ynile tre Length of the gre-ceabomation cath hab been Gevermimec ror 
peagnant mixtures (reference £), no Suck ceberuination Rew Deer nee 


Jor Suropulent wixtures. 
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Tae pressure, temperature, and detonstion velocity at the 
beginning of detonation are also of interest. Jost (reference 3) 
ané Lewis and von Ele (reference 4) etute thst at the sowent of origin 
detonation pressures ere essentizily Bigner gud cen be uy to twice as 
high as the pressure in the stetionary wave, Moreover, sucn sbmoraally 
nigh pressures persist for apure 





. siable dietences. Unfortunately, however, 


*% 


there appeers to be mo information shout the lew governing cecey of 
initial pressure to steady-state preseure. 

in view of the foregoing problems, the anelysis following isc divided 
Lato tro osrts. In the Pirst part, the probiem is treated as one of 
stemay flew; anc in the second part certain gross ryyronimations ere mede 
in orger te elimingete come of the unxnowns discussed above. In both cases 
the anaiysie follovs tae mebnods of fnepire, dsvthorne, end Edeimen 
(reference 1), end ceiculationg are bese on the tebles presentea by 


these aubhore. 


Sek synbola, 

im general, the cave symbols will de sued es thoee usen by oacpiro, 
Hewtnorne, end ideleen. Those pemtinent, together with oucs auditivnaL 
eyapole es neceressry or Niner chauges, ere iistéa beiew. Ulineng Lons &re 
in tas Svot—pound-secona system. Attention is invited to the generai rule 
that upper cues letters are used wnerever ,Ossible in orser to reserve 
Lower gase letters for purposes of identification. 


Aoocvocns cOTUSH-BECbiOnaAl sre, 

Gosseseus se BH9O0 of gound . 
Coescrscres8peeific heat at constent creesure. 
OVecossescSpacisic heat st conetent volume, 
Desaceess oltameter. 

Fosscoeses MArUed. 

Bovsescase geeeific enthel cy. 

Be eivesee eo FBUL0 or a pecific lepata s 
Lessevescodmgtn of duct. 

Meaacescoecseath Bumper 

Noeccstossa sumer of mole, 
Vevsscese ape Sseurs, 

Revevocesefht Constant. 

Lessoaveecdheclubte temperatura. 


p= 
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Uovsvecss @Rtrence Velocity. 
Vecessoes oP Seu velocity. 
Bevsscoon sees, mest rete of flow, 
bre eevecet : e@long Guct. 
Beecieecs cMags deapity. 
Boocvceecohalf-sagle of divergenes. 


(, oovecetofere to air, atmospheric. 
(J@ccseess PeLEre te combustion, Combustion chember, 
|e adagn ne %o Giffupcr. 
)@ccccncseP@iere to exhaust. 
\Levcvecstelers to fuel, flane, 

Jbveccceeeveforg ts inlet, 

}@e oosevceS@lerpg %O Lwentrocic Stags Lion condition. 
()iph,f....rafers to sections 1, 2, 6. 

()®esesseesfelere to comaitions waere M = 1. 
()lesvessssPofers to conditions relative te obgerver moving with 

URGUINSd gas, 





















5.4 Agsumptions. 
fae foliening aesusptlens are srde in tne interest of ein, Lafying 
tag eanalysie. 
i. The fiew is one-dimensional, 
2. Changer in streen properties sre contiauous anceyt in compresefon 
Shocks or in « detonation were, 
S. Tas gas ls perfect; 4.¢., it obeys Boyle's and Un@rles! lews 
sad the speeiiie heats remain constent. (k = 1,4) 
4 There is ao friction, 
6 Wo heat is icet or gained Cxospt ay comouetion, 


S. Processes are Lsentropie esvept du a eheck or Getonetion weve, 


So4 Continuous Detonabive Combustion. 
The problesn of intersittent desenative compvetion cen be suen 


Simplified by sawuming that ceteonetion seis in imuedie heiy u, 


x 


o2 Lenition, 
and thet tae tims interval petween Oxpiesionsa ies sero. Under sueh cone 
ditions tre proplen wey be anedyeed ac ona of eOntinucus vetouetis 
compustion, There is tuen eo beck-flow ia toe diffuser, am. tie aévide 
is very roughly equivalent bo a veljet iu which cosbustion Le detonetive 


in gharacter, 
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In sccerdesee with reference 1, fer te stendy detonation ware, 
W221, Following the methods of reference 1, end by vee of teblen con- 
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ia order to enslyse Clow in Uke aifPasor it wLil be retowed wl et 
tas insbent exhaset velovity dropy Lo sero ,reeruce Gietrviuelion Le 2 
ditions: 

AL d= 6, P= Php BRR & Me, Fe, bb, @ 1A, Fe i; 
cttieeM, . ae fom Poet, 
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